Abstract. In this paper, oxidation of H 2 S into elemental sulfur over synthesized aluminabased nanocatalysts was physiochemically investigated and the results were compared with a commercial Claus catalyst. The wet chemical, co-precipitation, and spray pyrolysis techniques were employed to synthesize several alumina nanostructures. Then, the SEM, XRD, and ASAP analysis methods were utilized to characterize in order to choose the best nanocatalyst. The sulfur and H 2 S contents were determined through the standard UOP techniques. Amongst the synthesized materials, Al2O3-supported sodium oxide prepared through the wet chemical, and Al 2 O 3 nanocatalysts via spray pyrolysis methods were the most active catalysts for the purpose at hand. In addition, the TiO2 nanostructure and a hybrid of nano alumina support (made via the wet chemical method), decorated on the carbon nanotube, were prepared for this goal. Ultimately, the best chemically characterized nanocatalyst was subjected to evaluations in a xed bed reactor while e ects of temperature, metal loading, and GHSV were understudied. It was observed that the alumina nanoparticles prepared through the wet chemical and spray pyrolysis methods led H 2 S into elemental sulfur in a reproducible manner with 97 and 98% conversions, respectively. Both of these methods were more desirable than utilizing the commercial catalysts (i.e. CR-3S and CRS-31) providing nearly 96% conversion.
Introduction
Hydrogen Sul de (H 2 S) is a highly poisonous and corrosive gas causing serious damages to process equipments. The so called sour gas containing H 2 S is usually forwarded to a Sulfur Recovery Unit (SRU), through which it is burned into elemental sulfur. There are various methods to remove H 2 S from gas streams, elemental sulfur over an Al 2 O 3 catalyst. However, due to the thermodynamic limitations, only 95-97% of H 2 S could be converted into sulfur. 
In order to increase fractional conversion of H 2 S to elemental sulfur in comparison with the Claus process, a single step oxidation being practically irreversible with no thermodynamic limitations was developed. Synthesis of active, as well as selective catalysts, was indeed necessary in order to increase conversion of H 2 S to elemental sulfur. Hence, the most important e ective parameters regarding the selection of proper catalysts for a single-step oxidation of H 2 S had to be considered. Previously, it was demonstrated that the pore size and distribution, particle size and shape, bulk density, mechanical strength, and attrition resistance of the catalyst particles were the main parameters to be considered in such selection [5] . In order to synthesize the most active catalyst for oxidation of H 2 S to elemental sulfur, catalysts containing vanadium oxide were also utilized both with a stoichiometric and an excess amount of oxygen [6] [7] [8] . VBiO x /SiO 2 was used to improve a long-term deactivation problem noticed in V/SiO 2 ; however, it needed a dehydration step before being sent to a catalytic reactor to increase the H 2 S conversion [7] . It was suggested that the formation of less active forms of vanadium, such as vanadyl sulfate, was one cause of such deactivation. Yet, various binary oxides, such as V-Sb, V-Mo, V-Mg, V-Bi, Bi-Mo, and Fe-Sn, were tested in excess oxygen without water by some researchers [7, 8] . Recently, a TiO 2 /SiO 2 catalyst with stoichiometric amounts of oxygen demonstrated good activity [3] . The Ce-V mixed oxide with a V/Ce atomic ratio of one and with the CeVO 4 crystal structure provided very high sulfur selectivity values (i.e. close to one) at almost complete conversion of H 2 S, for O 2 /H 2 S molar ratios close to 0.5 [9] . Moreover, Fe supported on silicon carbide ( -SiC) showed to be a highly e cient catalyst for the oxidation of H 2 S into elemental sulfur at reaction temperatures above the sulfur dew point [10] . On the other hand, a dry catalytic process was developed for the selective catalytic oxidation of H 2 S to elemental sulfur. The commercially developed catalysts for this purpose were of the titanium-based materials in the mobil direct oxidation process (MODOP) and of the iron-based ones in the Super Claus process [11, 12] . The vanadium-based mixed oxides [13] and NaX-WO 3 mixtures [14] were also utilized as catalysts for the oxidation of H 2 S to elemental sulfur. The catalytic performance of vanadia-supported zirconiapillared clay for the selective catalytic oxidation of H 2 S was also reported [15, 16] . Besides, the catalytic performance of Fe-pillared clay and vanadia loaded Fe-pillared clay at temperatures ranging between 220-300 C for the selective catalytic oxidation of H 2 S was studied [17] . The aforementioned catalysts exhibited very good performance in H 2 S oxidation without much SO 2 emission. Furthermore, the H 2 S conversion increased with enhanced vanadia content up to 7 wt%. This superior catalytic behavior was related to the uniform dispersion of vanadia species provided upon the support [17] . The e ect of temperature (in the range of 150-250 C), Gas Hourly Space Velocity (GHSV) (of 2000-4000 h 1 ), and sodium: cadmium weight ratio (of 1-5) over synthesized catalysts of sodium silicate and cadmium oxide supported on silicon carbide nanopowders, on the conversion of H 2 S to elemental sulfur, was studied by the Box-Behnken experimental design method. Analysis of the experimental data based on the above three e ective parameters showed that temperature had the most pronounced e ect as an independent variable on the H 2 S conversion [18] .
On the other hand, the direct and selective partial H 2 S oxidation to elemental sulfur at low temperature might have been an interesting alternative to the traditional methods of H 2 S abatement if an active and selective catalyst was available. The di erent type of vanadium-based catalysts supported on the metal oxide (V 2 O 5 -TiO 2 , V 2 O 5 -CeO 2 , V 2 O 5 -CuFe 2 O 4 ) was performed in the temperature range of 50-250 C aiming at high H 2 S conversion and low SO 2 selectivity proved that V 2 O 5 /CeO 2 was a very solid candidate. Based on these results, further investigations into V 2 O 5 /CeO 2 catalyst were performed to study the in uence of the inlet concentration of H 2 S (of 250-1000 ppm), GHSV (of 15000-45000 h 1 ), and molar feed ratio (of O 2 /H 2 S = 0.4-0.5) in order to minimize the selectivity of the system towards SO 2 . The results relevant to the e ects of GHSV and the inlet concentrations of H 2 S showed that these factors did not signi cantly reduce the SO 2 selectivity. Nonetheless, results in terms of SO 2 selectivity obtained with a sub-stoichiometric feed ratio (O 2 /H 2 S = 0.4) revealed drastically reduced values from 13 to 4% without any signi cant lowering of the H 2 S or O 2 conversions [19] .
In the Claus process, alumina (Al 2 O 3 ) and/or titania (TiO 2 ) were employed as the support [3] while Fe, Co, and Ni were usually the catalytic metals deposited on the aforementioned supports [20, 21] . Moreover, alumina was the most common support in conversion of H 2 S to sulfur. Its strength laid in its potential to disperse active metal catalyst. Indeed, numerous reactions took place between alumina and metal oxide in transition state and some of the produced species were too resistant against sul dation. This was considered to be a drawback since it lowered activity of the catalyst [22] . H 2 S oxidation, being highly exothermic, caused a major temperature elevation in the catalytic bed, in turn, leading to troublesome hot spots considering the low thermal conductivity of alumina [3] . Ultimately, high temperatures favored the reverse reaction lowering the conversion of H 2 S to elemental sulfur. Tungsten sul de catalysts were decorated on single and multi-wall carbon anotubes (SWCNTs & MWCNTs) and activated carbon was synthesized, characterized, and employed to achieve the conversion of H 2 S to elemental sulfur. In this regard, a gas ow, containing 5000 ppm of H 2 S passed over the catalyst under the GHSV of 5000 h 1 , temperature of 65 C, steam volume percent of 20, and O 2 /H 2 S ratio equal to 2 as the operating conditions, was utilized. The results revealed that the catalyst supported on MWCNTs exhibited higher conversion than its counterparts. Moreover, the e ects of GHSV, steam volume percent in the feed, catalyst loading, and temperature for conversion of H 2 S to elemental sulfur over tungsten sul de catalyst decorated on MWCNTs were investigated [23] .
In the present study, several nanocatalysts were synthesized and their activities were determined. Then, respective values were compared with those of the commercial Claus catalysts. Nano alumina particles were prepared through three methods, including wet chemical, co-precipitation, and spray pyrolysis. In the wet chemical technique, the optimum loading of sodium oxide was determined based upon the Box-Behnken (i.e. the Response Surface Methodology (RSM)) technique. In the spray pyrolysis method, a setup based on the needs of the aforementioned statistical design of experiments was constructed, through which the best alumina-based catalyst with the highest BET surface area for the H 2 S oxidation was put to test. Beside these, the TiO 2 nanoparticles (through hydrolysis and peptization of titanium isopropoxide method [24] ) as well as nano hybrid alumina with MWCNT were synthesized and tested in the H 2 S oxidation setup. Ultimately, it is reiterated that the main goal of the current research was to synthesize new alumina-based nano materials and determine the most active resulting catalyst(s) for the H 2 S oxidation to elemental sulfur.
Characterization techniques
The prepared catalysts were characterized by the SEM, XRD, and ASAP analyzer techniques. Scanning Electron Microscopy (SEM) images were obtained with a Philips, XL30 device. Gold meshes were utilized as conductive materials for sample holding. X-Ray Di raction (XRD) measurements were conducted using standard powder di raction procedure carried out with a Philips Di ractometer (PW-1840, Lump Cu-k , = 1:54 A). The pore size and surface area measurements were performed through a Micromeritics ASAP 2010 instrument by adsorption of nitrogen at 77 K. The sulfur content was determined through a high temperature measurement using IR detector and UOP 864 method with a LECO CS600. H 2 S concentration was analyzed using a Mettler potentiometer (DL 70 ES) with an accuracy of 1% of 1 mL equipped with an Ag-Ag 2 S electrode (DM 141-SC) and the UOP-163 methods with detection threshold of 0.5 ppm. Product stream was passed through a 25 wt.% KOH solution at regular time intervals of 10 min to measure its H 2 S content.
Catalyst preparation
Several nanocatalysts were synthesized and each one was tested through the H 2 S oxidation setup designed and constructed in this research to nd the most active material. The methods of nanocatalyst preparation and the performed characterizations are described below.
Preparation of nano alumina
The nano alumina was prepared through three methods. First, in the wet chemical method at 55 C, 5.0 g of AlCl 3 .6H 2 O (97% supplied by the Aldrich Chemical) was dissolved into 325 mL of distilled water. A mixture of 5.0 g of ammonia and 2.0 g of sorbitol was added, dropwise, to the rst solution. The sorbitol acted as surfactant, utilized to accelerate the precipitation. The desired pH value of 10-10.5 for the solution was reached through adding NH 4 OH to the mixture in order to observe a white precipitate. Then, temperature of this solution rose to 70 C under vigorous stirring and insulation with aluminum foil. The resulting precipitate was left under vigorous agitation for 10 min and then ltered and washed to get neutralized. This precipitate was washed with a solution of 100 mL ethanol and 100 mL distilled water. It was then dried at 60 C for 24 h and calcined at 600 C for 4 h to get the -Al 2 O 3 . The XRD pattern and SEM images of materials made through this method were presented in a previous publication of this research team [25] . It was inferred that the prepared particles were almost spherical, smooth, non-aggregated, and relatively uniform in size, being of nano-scale (i.e. < 100 nm).
Second, in the co-precipitation method, 5.0 g of AlCl 3 .6H 2 O was dissolved into 325 mL of distilled water at 55 C. Then, according to stoichiometry of sodium carbonate with AlCl 3 .6H 2 O, based on Eq. (3), 3.3 g of sodium carbonate was dissolved into the minimum amount of distilled water at 50 C. Next, sorbitol was added to this solution and the resulting mixture was added, dropwise, to the rst solution. Afterward, temperature of the nal solution rose to 70 C and it was kept there for 10 min under vigorous stirring while being insulated with the aluminum foil. Next, it was ltered and washed such that its pH was adjusted to a value of 8-9. Then, the precipitate was dried at 60 C for 24 h and calcined at 600 C for 4 h to ultimately result in the -Al 2 O 3 material.
The powder XRD results obtained for these Al 2 O 3 nanoparticles are presented in Figure 1 . Two peaks at 2 = 47 and 2 = 67 68 were observed. The rst peak was related to the sodium oxide (Na 2 O). However, since most of the sodium was washed away during the alumina synthesis, its peak was rather weak, while the second peak, related to -Al 2 O 3 , was more pronounced. Another technique, through which the alumina nanoparticle was synthesized, was the spray pyrolysis technique. Spray pyrolysis technique was based on the ultrasonic generation of micro-sized aerosol droplets and their decomposition at intermediate temperatures (400-800 C). Due to the fact that evaporation, precipitation, drying, and decomposition occurred in a dispersed phase and at a single step, it became possible to control important particle properties such as size, morphology, and chemical composition simply by controlling the process parameters. Such parameters included the residence time and decomposition temperature. Unlike many other lm deposition techniques, spray pyrolysis represented a very simple and relatively cost-e ective processing method [26] [27] [28] . In the present set-up, a pressure nozzle and a static mixer were utilized for generation of micrometric-size aerosol droplets. The spray pyrolysis experimental set-up is shown in Figure 2 . In all experiments, two equimolar solutions of Al(NO 3 ) 3 .9H 2 O, (99.997% purity, supplied by the Aldrich Chemicals) and sodium carbonate (Na 2 CO 3 99.99%, supplied by the Merck Chemicals) were mixed in the static mixer and then through using a pressure nozzle sprayed into the reactor. Nitrogen was used as a carrier gas with pressure kept at 2 bar. The particles were water-collected at the reactor exhaust. The XRD pattern of the as- prepared catalyst was revealed in a previous work by the authors [25] . The XRD pattern of the best sample of the Al 2 O 3 nanoparticles, produced through this method, possessed the highest BET surface area. This was provided in third row of Table 1 . Once again, in previous investigation by this research group into this material [25] , a weak peak at 2 = 47 indicated the existence of sodium oxide, while the next peak at 2 = 67 68 was related to -Al 2 O 3 , the material sought in this work.
Preparation of titanium dioxide
Titanium oxide nanoparticles were prepared by hydrolysis and peptization of titanium isopropoxide (TTIP) solution. In this method, 5 mL of TTIP (97% purity supplied by the Aldrich Chemical) was dissolved in 15 mL of isopropanol (99% purity provided by the Merck Chemicals) without heating. Then, the pH of 250 mL distilled water was reduced by the concentrated nitric acid solution to a value of about 2 and was added dropwise to the rst solution under vigorous agitation in order to produce a gel. In other words, a turbid solution due to hydrolysis of the TTIP was obtained. This turbid solution was heated to 60-70 C for almost 18-20 h when peptization occurred. After the peptization process, the volume of solution decreased to 50 mL and an opaque suspension was obtained. The obtained precipitation was washed (to prevent agglomeration) with ethanol, dried in a vacuum system for several hours at 100 C and calcined at 200 C for 2 h to get anatase phase of titanium oxide. It should be noted that the anatase phase was formed at 200 C while rutile phase formed at 800 C and the phase transition occurred at 600 C. Further details of the hydrolysis method for producing TiO 2 nanoparticles were available in the open literature [24] . The powder XRD and SEM of this material are presented in Figures 3 and 4 , respectively. The XRD results obtained for the TiO 2 nanoparticles revealed a peak at 2 = 54 55 displaying highly crystalline material while emphasizing anatase phase formation. The SEM micrograph recon rmed the nanostructure of the obtained TiO 2 . 
Preparation of hybrid MWCNT and alumina
The MWCNT prepared over the Co-Mo/MgO catalysts was previously prepared by this research group. This was done through di erent organic additives using a modi ed sol-gel method through a Chemical Vapor Deposition (CVD) reactor [29] . The same materials were also utilized in the present research. The carbon nanotubes (CNT) used in this work were meshed in the range of 100 to 120 (i.e. 125 to 149 m). For synthesizing Al 2 O 3 -CNT with Al 2 O 3 to CNT weight ratio equal to one, the alumina nano-particle catalysts were prepared by the wet chemical method. Then, 1.1 g of CNT (i.e., based upon calculating the mass of alumina in the AlCl 3 .6H 2 O material), synthesized at the nal stage of preparation, was added to the solution. Next, temperature of solution was raised to 70 C under vigorous stirring while being insulated with aluminum foil. The resulting precipitate was left under vigorous agitation for 10 min, then ltered and washed to get neutralized. Then, 100 mL of distilled water was mixed with 100 mL of ethanol and simultaneously poured over the precipitate. The resulting material was dried at 60 C for 24 h and calcined at 450 C for 4 h to produce the desired catalyst. At temperatures greater than 450 C, the CNT was oxidized; hence, the calcination occurred under a neutral atmosphere. Figures 5 and 6 demonstrate the powder XRD pattern and SEM image of Al 2 O 3 -MWCNT nanohybrid particles. Several peaks, especially at 2 = 40 41 , were observed in this pattern indicating existence of the MWCNT as well as the amorphous alumina. From the SEM micrograph of Figure 6 , the mean diameter of these nanoparticles was estimated to be lower than 100 nm, which was in good agreement with the previously determined XRD results.
H 2 S experimental rig
A schematic ow diagram of the catalytic oxidation process is shown in Figure 7 . H 2 S oxidation was carried out under isothermal condition and atmospheric pressure. The xed-bed reactor was constructed by a stainless steel-316 tube of 12.5 mm ID and 450 mm length. The gas mixture was passed downwards through the catalytic bed. The reactor was vertically placed in an electrical furnace of which the temperature was controlled by a thermal indicator. The ow rates of the gases (i.e. O 2 , He, H 2 S) were monitored and controlled with Bronkhorst mass ow meters linked to JUMO (d-TRON 304) electronic control units. The catalyst was heated from room temperature to the reaction temperature with slope of 5 C/min in the presence of helium. At this point, the reactant started owing into the reactor.
Results and discussion
RSM is considered to be a practical and easy way to optimize a given process based upon the experimental data [30, 31] . In the current study, Design Experts Software (Version 8.0.1) was employed for designing experiments, mathematical modeling, and optimization. To obtain rational results by the RSM, three steps ought to be considered. The rst one, in a successful RSM optimization, is to design the experiments for evaluating the model parameters, e ciently. The second step is to develop a polynomial model tted to the experimental data through regression and then to check suitability of the model by applying a statistical test (e.g., lack-of-t, F -test) [31] [32] [33] . The third and nal stage is to determine the value of factors satisfying the optimum conditions. Usually, a rst-or secondorder polynomial might be used for the RSM analysis. Furthermore, for responses possessing a curvature, a second-order polynomial is preferred. The linear form of such polynomial would be as follows:
where, y is the predicted response, 0 a constant, i the ith linear coe cient, ij the ith interaction coe cient, x i the independent variable, k the number of factors, and " the associated error. In addition, the coe cients of the model are predicted through regression. Details of the parameter estimations for such a model have been reported in [31] .
5.1. A ecting parameters for synthesizing of Al 2 O 3 nanoparticles through the spray pyrolysis method
Statistical design of experiments, namely, the RSM method, was utilized in order to screen e ects of the signi cant synthesis parameters in spray pyrolysis. E cient response resulting in the maximum BET surface area required early identi cation of the key process parameters. Through the spray pyrolysis method, based on the literature [34, 35] , the following optimization variables were considered:
(ii) Concentration of solution; (iii) Flow rate of air.
These varied in ranges of 500-650 C, 0.05-0.15 mol/L, and 70-150 mL/min, respectively. The RSM design may nd the in uences of each process variable versus variation of others as well as the interactions amongst these variables on the synthesis of alumina nanoparticles. Three level designs with 3 key variables were sought in this study. Therefore, the total runs were limited to 14. Hence, 14 tests, according to Table 1 , were performed and for each one, the BET surface area was measured. E ects of the following process variables on the synthesis of alumina nanoparticles were investigated through the aforementioned design study: (a) temperature, (b) concentration of solution, and (c) the ow rate. The xed levels of these three variables are provided in Table 2 . The analysis of variance (ANOVA) in the synthesis of alumina nanoparticles is summarized in Table 3 . The F -test statistics were de ned as F 
The statistical importance of the generated model was evaluated via the Fisher test (i.e. F -test) and quanti ed by dividing the model mean square by its residual mean square for ANOVA. The results of ANOVA are presented in Table 4 . Based upon the F value presented in Table 4 , being greater than 2.7, and the adequate precision value of 8.5 (being greater than 4), the proposed model was determined to be adequately satisfactory over more than 95% of the signi cant data compared to those available in the open literature [36] . As may be seen from Table 4 for the response, the p-value related to the lack of t test was smaller than 0.05, emphasizing this to be signi cant as well.
The 3-D curves related to the impact of the independent variables of temperature, concentration, and ow rate were demonstrated on the BET surface area in Figure 8 enhancing the temperature, at lower ow rates, resulted in increased speci c surface area. However, at higher ow rates, lowering of the speci c surface area was the outcome. On the other hand, at a xed concentration, with increasing the ow rate, the e ect of temperature on the speci c surface area was less pronounced; whereas at lower ow rates, the e ect of temperature on the speci c area was signi cant. Figure 8 (a) also indicates the e ects of ow rate on speci c surface area as a function of temperature. From this gure, it is observed that increasing the ow rate at higher temperatures leads to a decreased speci c surface area since the feed residence time in the reactor is lowered. As such, the reaction is rendered incomplete, resulting in a lowered speci c surface area. Figure 8 (b) demonstrates that with increased concentration at higher temperatures, the speci c surface area decreases due to coagulation of the particles, leading to occurrence of the major extent of the reaction in the bulk of the solution. Furthermore, from this gure, it is seen that the in uence of concentration, as the temperature swings from lower to higher values, becomes considerably less pronounced. Finally, Figure 8(c) reveals that the concentration and ow rate do not have any sensitive interactions.
From Figure 8 (a)-(c), it is observed that at higher temperatures, increasing the concentration values causes the reduction of the surface area and vice versa. As seen from Figure 8(b) , at higher temperatures, increased concentration lowers the surface area of alumina particles while at lower temperatures, increased concentration enhances the BET surface area of the alumina particles. This emphasizes that there was an optimum concentration for the purpose at hand.
Screening the parameter a ecting synthesized nano-alumina catalysts
Based on previous studies [9, [37] [38] [39] undertaking the H 2 S removal, the optimization process variables in the present work included: (i) temperature, (ii) metal loading, and (iii) GHSV. They were varied in the ranges of 200-300 C, 0.2-1.6%, and 5500-7500 h 1 , respectively. In all the experiments, concentration of H 2 S in feed gas was xed at 6.6%, equivalent to concentration of H 2 S at the rst Claus convertor. Moreover, O 2 /H 2 S ratio equaled to the stoichiometric value (O 2 /H 2 S = 0.5) in all runs. In all experiments, 6 mL of catalyst with mesh of 80-200 m was used. Steady state conversion was obtained after 6 h of experiment. In order to investigate the interactions, the three-level Box-Behnken design with the abovementioned three key variables was developed. Therefore, once again, the total runs were limited to 14. The xed levels of the three operating variables are provided in Table 5 .
The observation of the fractional conversion of H 2 S to sulfur through the design matrix is revealed in Table 6 . Data of the fractional conversion of H 2 S to sulfur is shown in Table 6 . It was subjected to regression analysis to estimate the e ects of process variables. The ANOVA results of the fractional conversion of H 2 S to sulfur are summarized in Table 7 . If the calculated value of F was greater than that obtained in Table 7 , at a speci ed probability level, a statistically signi cant factor or interaction was obtained. In the present case, A, C, AB, AC, A 2 and C 2 were determined as signi cant model terms. From a combination of estimates for the process variables and the ANOVA results, a quadratic polynomial model with statistical Figure 9 . Main e ects of (a) reaction temperature, (b) loading, and (c) GHSV on the conversion of H2S to sulfur.
signi cance was generated. This model quantitatively elucidated the e ects of process variables with statistical signi cance as follows: 
In Eq. (6), the terms without statistical signi cance were deleted from the full e ect model, based upon the ANOVA. These e ects were considered to be errors in the experiments and their variances were accordingly pulled into the Sum of Squares of Errors (i.e. SSE). Therefore, the multiple correlation coe cient squared, R 2 = 1-(SSE/SST), equal to 0.983, indicated a very good tting to the experimental data of fractional conversion on factors A, B, and C ( Table 8 ). The main e ects (i.e. A, B, and C) and two-factor interactions e ects (i.e. AB and AC) for fractional conversion of H 2 S to sulfur are shown in Figure 9 , respectively. Here, the two upper and lower limits of conversion, as a function of dependent variables, were emphasized while the behavioral trends between them were predicted through the presented software. From Figure 9 (a), the fractional conversion of H 2 S to sulfur is increased by increasing temperature up to about 265 C; however, it decreases when increasing temperature from 265 to 300 C. At lower values, the enhancement of temperature leads to increase in the rate of reaction; hence, the redox ability of the catalyst rises. This causes fractional conversion of H 2 S to elemental sulfur to increase as well. Of course, some SO 2 formation during the reaction predicted through Eqs. (7) and (8) 
Nonetheless, it is obvious that the SO 2 formation caused a decrease in the sulfur selectivity; because of using stoichiometric ratio of O 2 /H 2 S, there was no SO 2 formation in the system, even at higher temperatures. This was another reason for decreasing conversion at temperatures higher than 265 C. Decrease in conversion of H 2 S to sulfur might have been partly due to the changes in surface properties of Na 2 O/Al 2 O 3 nanocatalyst at a higher temperature. At temperatures over 265 C, a very sharp decrease in H 2 S conversion was observed within the rst few minutes of the reaction, and then, the conversion values became stable. This sharp decrease was observed during the rst few minutes of the reaction, indicating a change in the surface properties of the catalyst, including decrease in surface area, pore diameter, and volumes, as well as aggregation of the active sites at temperatures beyond 265 C. From Figure 9 (b), the fractional conversion of H 2 S to sulfur is increased by increasing loading up to about 0.9%, and from 0.9 to 1.6%, it is decreased. At lower loadings, the quantity of the active phase was lower; however, by increasing the metal loading, the ability of the catalyst for oxidation of H 2 S became higher, meaning that the conversion to elemental sulfur was expected to rise. On the other hand, using nanocatalyst instead of conventional ones caused reactant to be trapped and also led to an increase in partial pressure of this species, in turn, enhancing oxidation of H 2 S to sulfur. Nevertheless, there was the possibility of occurrence of catalyst pore blockage at higher loadings; hence, H 2 S conversion lowered. Figure 9 (c) reveals that the fractional conversion of H 2 S to sulfur was increased by decreasing the GHSV. By increasing the GHSV, residence time decreased such that enough time for complete reaction was not allowed; thus, the conversion decreased. Although by lowering the GHSV, conversion increased, in an industrial Claus process, due to the corrosiveness of H 2 S, indeed such operating conditions was not desirable. Thus, at a low temperature, high GHSV and low metal loading extent and high and desired conversion might be obtained. It was clear from Table 7 that interactions AB and AC were more signi cant than others con rmed through the F -test value. It was interesting, however, to note that only the interaction AC was highly signicant according to the F -test value. At constant GHSV, by increasing temperature, conversion enhanced. From the above results and discussion, the key variables a ecting the fractional conversion of H 2 S to sulfur might have been easily identi ed by means of the statistically experimental methodology.
For the present research, the optimum values were found to be: temperature = 222 C, GHSV = 5591 h 1 , and loading = 1.23 wt%. This set gave the highest predicted H 2 S conversion of 99.5% for the optimized response. It is revealed that the optimized temperature value leaned toward its lower limit (in comparison with Claus conventional reactors) in order to boost conversion of H 2 S to sulfur. Furthermore, as an added advantage, optimizing the GHSV to such a high value might lead to alleviation of the corrosive e ects of H 2 S on the mechanical instruments.
Comparison between the commercial Claus catalyst and the synthesized nanocatalysts
From the ASAP analyzer outcome (see Table 9 ), one might have concluded that the alumina nanoparticles, prepared through the wet chemical and spray pyrolysis methods, resulted in high BET surface areas and total pore volume as compared to other synthesized materials in this study, therefore, leading to higher conversions to elemental sulfur. It is observed that a decrease in the total pore volume, synonymous to an increase in the mass transfer resistance, ended up in a BET surface area reduction, which, in turn, resulted in a lowered reactivity of the nanocatalyst. Moreover, the results of the ASAP analyzer revealed that the surface area of the used catalyst after the reaction at 300 C was 230 m 2 /g, being about 20% less than that of the fresh catalyst (i.e. it was 287.24 m 2 /g), emphasizing the provided rationale. An alumina-based (CR-3S) and a titania-based Claus catalyst (CRS-31) were tested in H 2 S oxidation setup at Claus operating conditions [40] . Speci cations of these Claus catalysts are provided in Table 10 . Experiments were performed at temperature of 250 C, pressure of 1 atm, 12-14 mesh size of catalyst (1.3 mm), GHSV = 5500 h 1 , O 2 /H 2 S = 0.5, and 6.6% H 2 S in the feed stream. In addition, synthesized nanoparticles were tested and fractional conversions were calculated for each one. Instantaneous fractional conversion of H 2 S is de ned as follows:
H 2 S concentration was calculated through utilizing a Mettler potentiometer with detection threshold of 0.5 ppm:
ppm H 2 S = 16000 N Ag + V Ag + M ; (10) where, N + Ag was normality of AgNO 3 solution; V + Ag , the volume consumed; and M, the molecular weight of gas sample.
Steady state conversion, demonstrated in Figure 10 , was obtained after 6 h for nanoparticles prepared in this research. It is reiterated that each conversion to elemental sulfur was performed 3 times and an average value for each point is presented in this gure. This emphasizes the reproducibility of the data. It was observed that, amongst materials prepared in this study, alumina nanoparticles prepared through the wet chemical and spray pyrolysis methods had higher activities and resulted in higher conversions than that of the commercial Claus catalyst. Because the reaction between H 2 S and O 2 was irreversible, no thermodynamic restrictions existed; hence, conversions higher than 95-97% (usually obtained for the commercial catalysts) were achieved. Furthermore, the total sulfur analysis of the Claus commercial conventional catalyst and the synthesized nanocatalyst after reaction at 250 C, GHSV = 5500 h 1 , O 2 /H 2 S = 0.5, and 6.6% H 2 S in the feed stream is summarized in Table 11 . It is seen that the synthesized nanocatalyst in this research had more sulfur adsorbed on its surface. In industry, removal of H 2 S and converting it into elemental sulfur are usually performed either by the thermal or catalytic techniques possessing 3-5 steps. However, the system with catalysts developed in the current research included only one xed bed reactor. It was shown to be capable of higher interactions of H 2 S on the surface of the developed catalyst, resulting in higher conversions into elemental sulfur.
Ultimately, the reactor test results along with the porosimetric properties of materials, understudied in this work, made it clear that the larger pore volumes and higher surface areas were de nitely desired for obtaining a better performing catalyst to produce elemental sulfur from H 2 S.
Conclusions
The successful application of the statistical design approach to experiments for the optimization of oxidation of H 2 S was reported in this research. The wet chemical, co-precipitation, and spray pyrolysis methods were selected for synthesis of the alumina nanostructures utilized in this work. The results showed that the Al 2 O 3 prepared with the wet chemical and spray pyrolysis methods provided e ective catalysts for the oxidation of H 2 S to elemental sulfur under Claus operating conditions. In other words, high values (> 98%) of the H 2 S conversion to elemental sulfur in a reproducible manner were obtained for these materials. For the H 2 S removal, three factors a ecting catalyst performances were identi ed and optimized using the Box-Behnken design technique. It was demonstrated that the factors of temperature and GHSV had more pronounced e ects on the conversion of H 2 S to elemental sulfur than others. Furthermore, a sodium oxide supported alumina nanocatalyst provided total sulfur conversion (near 100%) in the oxidation of H 2 S with a feed stream containing stoichiometric amounts of oxygen and H 2 S.
Reaction tests and catalyst characterization using XRD, SEM, and ASAP analyzer techniques showed that the surface behavior of the nanocatalyst changed during the reaction such that at higher temperatures, catalysts were deactivated perhaps due to faster poisoning attributed to the sul de layer and sulfate formation on the surface of these materials. Moreover, it was shown that temperature was the most important operating variable such that at low to intermediate values, the highest conversion of H 2 S to elemental sulfur was reported. Ultimately, it was demonstrated that utilizing catalysts developed through this study, a single-stage xed bed reactor was su cient to provide a high conversion of H 2 S to elemental sulfur as compared to the Claus conventional catalyst in a multistage process. 
